The EBNA1 protein of Epstein-Barr virus (EBV) activates latent-phase DNA replication by an unknown mechanism that involves binding to four recognition sites in the dyad symmetry (DS) element of the viral latent origin of DNA replication. Since EBV episomes are assembled into nucleosomes, we have examined the ability of Epstein-Barr virus nuclear antigen 1 (EBNA1) to interact with the DS element when it is assembled into a nucleosome core particle. EBNA1 bound to its recognition sites within this nucleosome, forming a ternary complex, and displaced the histone octamer upon competitor DNA challenge. The DNA binding and dimerization region of EBNA1 was sufficient for nucleosome binding and destabilization. Although EBNA1 was able to bind to nucleosomes containing two recognition sites from the DS element positioned at the edge of the nucleosome, nucleosome destabilization was only observed when all four sites of the DS element were present. Our results indicate that the presence of a nucleosome at the viral origin will not prevent EBNA1 binding to its recognition sites. In addition, since four EBNA1 recognition sites are required for both nucleosome destabilization and efficient origin activation, our findings also suggest that nucleosome destabilization by EBNA1 is important for origin activation.
INTRODUCTION
Epstein-Barr virus (EBV) genomes are maintained in latently infected human cells as double-stranded, circular DNA episomes in the host cell nucleus (1) . The viral episomes are replicated once per cell cycle and are efficiently partitioned to daughter cells during cell division (reviewed in 2). One viral protein, Epstein-Barr nuclear antigen 1 (EBNA1), and one cis-acting viral DNA fragment, oriP, are required for the replication and partitioning of the viral episomes. OriP includes two essential elements termed the family of repeats (FR) and the dyad symmetry (DS) element, that contain twenty and four EBNA1 binding sites respectively. The DS element is the site of initiation of bidirectional DNA replication and EBNA1 binding to the DS is essential for origin activation. The binding of EBNA1 to the FR activates the expression of other EBV latent genes and mediates the segregation of EBV episomes.
Sequence-specific DNA binding is essential for all of the functions of EBNA1, and the mechanism of the EBNA1-DNA interaction is reasonably well understood. EBNA1 dimers recognize an 18 bp palindromic sequence and assemble cooperatively on the multiple sites of the DS element (3) (4) (5) (6) . EBNA1 complexes formed on the FR and DS elements of oriP interact at a distance, causing the looping out of the DNA separating the two elements and the linking of multiple oriP molecules (7) (8) (9) . The region of EBNA1 responsible for DNA binding and dimerization has been localized to the C-terminal portion of the protein (amino acids 459-607) and the crystal structure of this EBNA1 fragment has been solved in complex with the DNA recognition site (6, 10, 11) . The EBNA1 DNA binding region is comprised of two domains, termed the core and flanking domains, both of which directly contribute to sequence-specific DNA recognition (11) (12) (13) . The core domain, which is structurally homologous to the DNA binding domain of the papillomavirus E2 protein, contains the dimerization interface as well as an α-helix that contacts the major groove of the DNA (12, 13) . Flanking domain base contacts are made by an α-helix oriented perpendicular to the DNA and an extended chain that tunnels along the minor groove (11) .
The mechanism by which EBNA1 governs the partitioning of EBV episomes involves the tethering of the episomes to the host cell mitotic chromosomes (14, 15) . Recent evidence indicates that tethering occurs through the attachment of FR-bound EBNA1 to the cellular EBP2 component of the mitotic chromosomes (16) (17) (18) . The mechanisms by which EBNA1 activates DNA replication and transcription, however, are not yet known. Unlike other characterized viral origin binding proteins, EBNA1 does not melt the origin DNA nor does it have intrinsic DNA helicase activity; thus cellular factors with these activities must be utilized (19) . The contribution of EBNA1 to DNA replication and transcription may be in the recruitment of cellular replication/transcription factors and/or in the alteration of the EBV chromatin structure.
Like cellular DNA, EBV episomes have been shown to be assembled into nucleosomes with a spacing similar to that of cellular chromatin (20) . The close association of DNA with *To whom correspondence should be addressed. Tel: +1 416 946 3501; Fax: +1 416 978 6885; Email: lori.frappier@utoronto.ca histone proteins can serve as a mechanism for the regulation of DNA replication and transcription, as the packaging of DNA into chromatin inhibits the interaction of many DNA binding proteins with their recognition sites (21, 22) . Some sequencespecific DNA binding proteins, however, have been shown to access their recognition sites when folded into nucleosome core particles (23) (24) (25) (26) (27) (28) . For two of these proteins, namely GAL4 and Fos/Jun, this interaction results in nucleosome disruption, which may facilitate the assembly of transcription complexes.
The possibility that the displacement of nucleosomes from the EBV replication origin is important for the activation of DNA replication is based on several pieces of evidence from other replication systems. First, DNA binding by several transcriptional activators has been shown to increase the efficiency of replication initiation from neighboring Simian Virus 40 (SV40) or papillomavirus origins by a mechanism that appears to involve the disruption of the nucleosome structure at the origin (29) (30) (31) . Secondly, replication from a yeast ARS element has been shown to decrease when it is positioned within the central region of a nucleosome core particle (32) , likely due to the inability of the origin recognition complex (ORC) to access its DNA recognition site in the nucleosomes (33) . Thirdly, the human ORC1 subunit interacts with a histone acetyltransferase suggesting a role for this initiation protein in chromatin remodeling (34) . Fourthly, the assembly of core histones on SV40 DNA inhibits its replication in vitro and this inhibition can be reduced by binding the origin binding protein (T antigen) to the origin prior to nucleosome assembly or by adding the chromatin accessibility complex (CHRAC) to the assembled SV40 chromatin (35, 36) .
Although the interaction of EBNA1 with naked DNA has been extensively studied, the interaction of EBNA1 with chromatin has not been investigated. Given its role in the activation of DNA replication and transcription and the importance of nucleosome disruption in these processes, we investigated the possible role of EBNA1 in chromatin remodeling. We began by examining the interaction of EBNA1 with the DS element of the latent origin of DNA replication containing an assembled nucleosome. Here we show that EBNA1 forms a ternary complex with the DS-nucleosome and that this interaction results in nucleosome destabilization.
MATERIALS AND METHODS

Preparation of DNA fragments
Nucleosomes were assembled on DNA fragments that contained either the DS element of oriP (EBV nucleotides 9019-9137) or EBNA1 binding sites 1 and 2 (plus intervening sequence) from the DS element. The 179 bp DS DNA fragment was generated by PCR amplification of the DS element and flanking sequences from pGEMoriP (19) . Primers were designed so that the 118 bp DS element was centered within the fragment (Fig. 1A) . The DNA fragments containing EBNA1 binding sites 1 and 2 from the DS element either centered in a 174 bp fragment (Fig. 1B) or positioned 40 bp from one end of a 179 bp fragment (Fig. 1C) were generated by PCR using pGEMs1+2 as a template. This plasmid contains EBNA1 binding sites 1 and 2 and flanking EBV sequences (EBV nucleotides 9076-9164) between the SacI and HindIII sites of pGEM2. The PCR products were separated by agarose gel electrophoresis, excised and purified using Qiaex beads (Qiagen). The purified DNA fragments were cleaved at one end (within one of the PCR primers) with XbaI, to generate a 5′ overhang, then repurified by agarose gel electrophoresis and Qiaex treatment. For DS DNA fragments to be used in footprinting, DNA fragments with 5′ overhangs at the opposite end were also generated by cleavage with NgoMI (in the other PCR primer) in order to enable labeling of the opposite DNA strand. The DNA fragments were labeled by filling in the 3′ recessed ends with DNA polymerase Klenow in the presence of a [α-32 P]dCTP and purified from unincorporated nucleotides using a G-25 Sephadex spun column (Boehringer Mannheim).
Nucleosome reconstitution with chicken histone octamers
To purify chicken histone octamers, erythrocytes from chicken blood were lysed and pellets were treated with micrococcal nuclease as previously described (37) , except that butyrate was omitted from the buffers. The chromatin fragments were then applied to a hydroxylapatite column in 100 mM potassium phosphate, pH 6.7, 630 mM NaCl, and all four core histones were eluted by increasing the salt to 2 M NaCl (38) . Fractions containing the core histones were pooled and stored at -20°C in 50% glycerol. Purified histone octamers were assembled on the end-labeled DNA fragments by salt dilution. To this end, 40 µg of purified chicken histone octamers were incubated with 100 ng of end-labeled DNA fragment and 40 µg of herring sperm DNA in 40 µl reaction containing 10 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM EDTA. After 10 min at 37°C, the reaction was sequentially diluted to 800, 600 and 300 mM NaCl by the addition of 10 mM Tris-HCl pH 8.0, 1 mM EDTA, with a 10 min incubation at 37°C at each dilution step. Mock assembled DNA fragments were also prepared where the end-labeled DNA fragments were subjected to the gradual salt dilution treatments in the absence of histone octamers.
Nucleosome reconstitution by transfer of human histone octamers
Oligonucleosomes were prepared from 1 l of HeLa cells at 1.0 × 10 6 cells/ml as described by Cote et al. (39) . Briefly, nuclei were sequentially extracted in buffer containing 300 mM KCl, 400 mM NaCl and 650 mM NaCl plus 340 mM sucrose. After dialysis, the extraction supernatant was digested with micrococcal nuclease then applied to a Sepharose CL-6B gel filtration column. Column fractions containing the four core histones but lacking H1 were pooled, and dialyzed against buffer A (20 mM HEPES pH 7.5, 1 mM EDTA, 1 mM β-mercaptoethanol, 0.5 mM PMSF). Oligonucleosomes were concentrated by dialysis against solid sucrose, dialyzed against buffer A, further concentrated on a Centriprep-10 (Amicon), aliquoted, and stored at -70°C. The histone octamers from the HeLa oligonucleosomes were transferred to the end-labeled DS DNA fragment as according to Cote et al. (39) . HeLa oligonucleosome cores (10 µg) were incubated with 25 ng of DNA fragments at 37°C for 20 min in a 20 µl reaction containing 1 M NaCl in dilution buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 5 mM DTT, 0.5 mM PMSF). The reaction was sequentially diluted to 850, 650, 500 and 300 mM NaCl by the addition of dilution buffer and incubated at 30°C for 30 min at each dilution. The assembly reaction was then diluted to 100 mM NaCl by the addition of 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 5 mM DTT, 0.5 mM PMSF, 20% glycerol, 100 µg/ml bovine serum albumin and incubated at 30°C for 30 min. Mock assembled DNA fragments were also prepared where the end-labeled DNA fragments were subjected to the gradual salt dilution treatments in the absence of HeLa oligonucleosomes.
Sucrose gradient purification of reconstituted nucleosomes
Mononucleosomes assembled on end-labeled DNA fragments with either the chicken or human histone octamers were purified away from unbound DNA, unbound histones and oligonucleosomes by sedimentation on a continuous sucrose gradient. Nucleosome reconstitution reactions were layered on top of 4 ml gradients containing 5-25% sucrose in 100 mM HEPES pH 7.5, 10 mM EGTA, 0.1% NP-40, 0.1 mM PMSF. After centrifugation for 17 h at 32 500 r.p.m. in a SW60 rotor, 115 µl fractions were collected and 5 µl of each was analyzed by electrophoresis on a 5% polyacrylamide gel. Labeled DNA was visualized by autoradiography and fractions containing nucleosome core particles were pooled and stored at 4°C.
Electrophoretic mobility shift assays (EMSAs)
EBNA1 proteins were purified as described in Frappier and O'Donnell (19) for functional EBNA1 or in Barwell et al. (40) for EBNA 452-641 and EBNA . Purified EBNA1 proteins were titrated onto 2 fmol of either mock-assembled DNA fragments or reconstituted nucleosome cores in a 6 µl reaction containing 10 mM HEPES, pH 7.0, 5 mM MgCl 2 , 150 mM NaCl. After 10 min at room temperature, DNA complexes were separated by electrophoresis on a 5% polyacrylamide gel and visualized by autoradiography. For competition assays, ternary complexes were formed between the EBNA1 proteins and nucleosomes as described above, using an amount of the EBNA1 protein sufficient for complete binding of the nucleosome. After a 10 min incubation at room temperature, unlabeled competitor DNA (either the DS DNA fragment or pGEM2 plasmid) was added, while maintaining the 150 mM NaCl concentration. Samples were incubated for 20 min at room temperature, then analyzed by polyacrylamide gel electrophoresis and autoradiography. The percentage of labeled DNA migrating as unbound, nucleosome cores, EBNA1-DNA and EBNA1-nucleosomes complexes was quantified by phosphorimager analysis using Imagequant software.
DNase I footprinting
For footprint analysis, purified EBNA 452-641 was titrated with end-labeled DS DNA or reconstituted DS-nucleosomes as described for EMSAs. DNase I digestion and subsequent preparation of the DNA fragments for denaturing polyacrylamide gel electrophoresis was performed according to Cote et al. (39) . DNA fragments were separated by electrophoresis on an 8% polyacrylamide/50% urea gel and visualized by autoradiography.
RESULTS
Characterization of EBNA 452-641 ternary complexes
We first asked whether EBNA1 could bind to nucleosome core particles containing EBNA1 binding sites. For these experiments we generated a 179 bp DNA fragment containing the 118 bp DS element of oriP centered within the fragment (Fig. 1A) . The DNA fragment was designed such that it could form a mononucleosome centered over the DS element. The DS-containing fragments, which contain four EBNA1 binding sites, were end-labeled and reconstituted into nucleosome core particles by gradual salt dilution in the presence of histone octamers purified from chicken erythrocytes. Reconstituted nucleosomes were purified away from free DNA via a continuous sucrose gradient. The efficient formation of nucleosome cores was verified by EMSAs, as indicated by their reduced mobility in a native polyacrylamide gel ( Fig. 2A, lane 2) as compared to DS DNA fragments subjected to the salt dilution treatment in the absence of histones (mock-assembled DNA; Fig. 2A, lane 1) .
The ability of EBNA1 to interact with the DS-nucleosome particles was assessed by EMSAs using EBNA 452-641 . EBNA 452-641 , a truncation mutant of EBNA1, contains the DNA binding and dimerization domains (amino acids 459-607) and the C-terminal acidic tail (amino acids 619-641). Although EBNA 452-641 is unable to mediate the replication, segregation and transcriptional activation functions of EBNA1, wild-type affinity for EBNA1 recognition sites is maintained (41) . The binding of EBNA 452-641 to mock-assembled DS templates produced a series of shifted complexes representing binding to one to four of the EBNA1 recognition sites and saturation of the sites occurred at 0.6-1.2 pmol protein ( Fig. 2A, lanes 10-12) . The titration of EBNA 452-641 onto the DS-nucleosome core particles revealed an interaction between this protein and the core particles that resulted in a shifted complex migrating at a position distinct from that of EBNA 452-641 bound to naked DNA ( Fig. 2A, lanes 3-9) . The small amount of DNA that migrates at the position of naked DNA bound by four EBNA 452-641 dimers is likely generated from EBNA binding to the residual amount of naked DS fragment that is present in the assembled DS-nucleosome. Comparisons of complete titrations of EBNA 452-641 with DS-nucleosomes and mock-assembled DS DNA fragments indicate that nucleosome formation inhibits EBNA1 binding~10-fold (data not shown). The interaction of EBNA 452-641 with DS-nucleosome particles appeared to involve EBNA1 recognition sites, as binding was not observed to nucleosome core particles assembled with DNA lacking EBNA1 binding sites (data not shown).
The decreased mobility of the DS-nucleosome upon addition of EBNA suggested that EBNA 452-641 was forming a ternary complex with these core particles. To assess the composition of this complex, we took the following two approaches. First, we used a DNA competition assay to determine if the complexes contained histones. This assay was previously used to demonstrate the presence of histones in ternary complexes formed between GAL4 dimers and nucleosome core particles and involves using specific recognition sites to remove the sequence-specific DNA binding protein from the ternary complex (42) . To this end, increasing amounts of unlabeled DS DNA fragments were added to the ternary complexes formed by EBNA 452-641 and the DS-nucleosome and, after a 20 min incubation, complexes were separated on a native polyacrylamide gel. As shown in Figure 2B , the addition of the DS competitor DNA altered the mobility of the ternary complexes containing EBNA 452-641 , presumably by removing EBNA 452-641 , but did not affect that of the DS-nucleosome. After removal of EBNA 452-641 from the ternary complexes, the residual complex migrated at a position consistent with the nucleosome core particle. We conclude that the histones were not displaced when EBNA 452-641 bound to the DS-nucleosome and that the ternary complex formed contained the DS DNA fragment, histones and EBNA .
The second approach that we took to analyse the complex formed between EBNA 452-641 and the DS-nucleosome was DNase I footprinting (Fig. 3) . Cleavage of the DS-nucleosomes with DNase I produced the 10 bp periodicity characteristic of a rotationally phased nucleosome (Fig. 3A and B, lane 3) . This cleavage pattern was most prominent in regions farthest from the radiolabeled end of the DS fragment and was not observed with naked DS DNA. When EBNA 452-641 was titrated onto the DS-nucleosomes, protection of some of the nucleotides within each of the four EBNA1 binding sites from DNase I cleavage was observed, indicating that this protein occupies all four sites of the nucleosome core particle. EBNA 452-641 binding was also accompanied by the induction of a DNase I hypersensitive site adjacent to EBNA1 binding site 4 on one DNA strand (Fig. 3A) and adjacent to binding site 1 on the other DNA strand (Fig. 3B) . The EBNA 452-641 protection pattern on the nucleosome was different from that observed on the naked DS DNA, where protection of the entire length of the EBNA1 recognition sites was observed. EBNA 452-641 binding did not completely disrupt the 10 bp cleavage pattern of the core particle, suggesting that the histones were still present on the DNA. Protection of all four of the recognition sites occurred at the same concentration of EBNA 452-641 , despite the fact that, when taken individually, EBNA1 has a higher affinity for the outer sites (sites 1 and 4) than the inner sites (sites 2 and 3) (3, 6) . The simultaneous filling of the four sites in the DSnucleosomes suggests that the cooperative assembly of EBNA1 on these four sites, which has been well documented on naked DS DNA, still occurs in the presence of the histone octamer (6, 43) . 
Functional EBNA1 also forms a ternary complex with the DS-nucleosome
To ensure that the ability of EBNA 452-641 to bind nucleosome core particles reflected the properties of the full-length EBNA1 protein, we assessed the nucleosome interactions of an EBNA1 protein that is functional for replication, segregation and transcriptional activation. Functional EBNA1 was not used in the initial study because of the DNA linking activity of this protein, which causes the aggregation of bound DNA molecules containing EBNA1 recognition sites (7-9). These EBNA1-linked DNA complexes remain in the wells during native polyacrylamide gel electrophoresis, making the assessment of their contents difficult.
When the ability of EBNA1 to interact with the DS-nucleosome was examined by EMSAs, EBNA1 was found to bind the naked DS and the core particles as indicated by the shift of the labeled DNA to the wells of the gel (Fig. 4, lanes 4 and 6) . In order to determine whether the histones were still present in the supershifted core particles, the competitor assay was used as described above for EBNA . When excess DS DNA fragments were added to the supershifted DS-nucleosome, EBNA1 was removed from some of these complexes and the released DNA migrated at the position of the core particle (Fig. 4, lane 5) . Thus, like EBNA 452-641 , EBNA1 forms a ternary complex with the DS-nucleosome and does not displace the histone octamer. The decreased ability of the competitor DS DNA to disrupt the ternary complex, as compared to that formed with EBNA 452-641 , indicates that EBNA1 is more stably bound to the DS-nucleosome than EBNA 452-641 . This is in keeping with previous reports in which the linking activity associated with EBNA1 has been shown to stabilize the binding of EBNA1 to its recognition sites in the DS element (9, 44) .
The nature of the ternary complex formed between EBNA1 and the DS-nucleosome was also examined by DNase I footprinting and the footprints were found to be indistinguishable from those obtained with ternary complexes containing EBNA 452-641 . As was observed for EBNA 452-641 , EBNA1 protected nucleotides in all four of the recognition sites from DNase I cleavage but did not completely disrupt the 10 bp cleavage pattern of the nucleosome (data not shown). We conclude that the ternary complex formed between EBNA 452-641 and the DS-nucleosome accurately reflects complex formation by functional EBNA1.
EBNA 452-641 destabilizes the DS-nucleosome
We next examined whether the interaction of EBNA 452-641 with the nucleosome formed on the DS element destabilized the interaction of the histone octamer with the DNA. Destabilized nucleosomes can be detected by the addition of non-specific competitor DNA (25, 28) . While this treatment has no effect on assembled nucleosomes, it caused the release of histone octamers from~40% of the ternary complexes formed between GAL4 and nucleosomes containing GAL4 binding sites, leaving GAL4 bound to the recognition sites in the naked DNA (28) .
To determine if EBNA 452-641 destabilized nucleosomes formed at the DS element, ternary complexes were challenged with an excess of non-specific competitor DNA, then separated on a native polyacrylamide gel. The addition of competitor DNA led to a change in the mobility of the labeled DS DNA, from the position of the ternary complex to that of naked DNA containing four EBNA 452-641 dimers (Fig. 5A, lanes 9-13) . As expected, the addition of competitor DNA had no effect on the stability of DS-nucleosome core particles in the absence of EBNA (Fig. 5A, lanes 2-7) . Quantification of these results revealed that the histones were released from~60% of the ternary complexes after addition of the competitor DNA. The results indicate that EBNA 452-641 displaced the histone octamers from the DS element in the presence of competitor DNA. In some instances we also observed that, during the formation of the ternary complex, more EBNA1-DS complexes were generated than could be accounted for by EBNA1 binding to the residual naked DS DNA present in the assembled DS-nucleosome (compare 'DNA' band in lane 2 to 'DNA+EBNA1' band in lane 8). This suggests that EBNA1 causes histones to be displaced from a proportion of the ternary complexes prior to the addition of non-specific competitor DNA. For the ternary complexes that remain, however, no further dissociation is observed with time (up to 2 h) in the absence of competitor DNA (data not shown); only in the presence of non-specific competitor DNA is efficient displacement of the histones observed.
In the above experiment, nucleosome core particles were assembled from purified chicken histone octamers using the salt dialysis method. To ensure that the destabilization of the nucleosome observed with EBNA 452-641 was not particular to the source of the histone octamers or the method used to assemble the nucleosome, we repeated the assay using DS-nucleosomes assembled from unacetylated HeLa oligonucleosomes by the octamer transfer method. The ternary complex formed between these nucleosomes and EBNA was similar in its mobility to that formed with the chicken histones (Fig. 5B, lane 6) . The addition of non-specific competitor DNA disrupted the ternary complex, predominantly resulting in EBNA 452-641 bound to naked DNA (Fig. 5B,  lanes 7-9) . A small amount of nucleosome lacking EBNA1 was also generated indicating that the non-specific competitor DNA can also promote dissociation of EBNA1 from the ternary complexes. Similar effects of non-specific competitor DNA on the dissociation of GAL4 from ternary complexes have been reported (28) . We conclude that EBNA 452-641 can destabilize nucleosomes resulting in the displacement of histone octamers upon competitor DNA challenge.
The EBNA1 DNA binding and dimerization domain is sufficient for nucleosome destabilization
EBNA 452-641 contains the DNA binding and dimerization domains of EBNA1 (amino acids 459-607) as well as a highly acidic C-terminal region (amino acids 619-641) of unknown function. Since the mechanism by which some transcription factors alleviate nucleosome repression involves acidic domains (30,31), we tested the possibility that the acidic C-terminus of EBNA1 contributed to the destabilization of nucleosomes. To this end, the nucleosome binding and destabilization experiments were repeated with an EBNA1 fragment that contained only the DNA binding and dimerization domains, EBNA . EBNA 459-607 was added to purified nucleosome core particles containing the end-labeled DS fragments and chicken histone octamers and complexes were analysed by EMSAs (Fig. 6) . EBNA 459-607 bound to the nucleosomes, forming a ternary complex that shifted to the gel wells (Fig. 6, lane 3) , likely due to aggregation between the ternary complexes. As was observed with EBNA 452-641 , the addition of non-specific DNA to ternary complexes resulted in the release of the histone octamer, leaving EBNA 459-607 bound to naked DNA (Fig. 6, lane 4) . Thus the DNA binding and dimerization region of EBNA1 is sufficient to bind and destabilize DS-nucleosomes.
EBNA1 recognition site requirement for nucleosome destabilization
It has been shown that the affinity of GAL4 dimers for nucleosome core particles is affected by the number and the positioning of the GAL4 binding sites in the nucleosomes (45) . We have evaluated EBNA1 binding to nucleosomes containing the four EBNA1 recognition sites of the latent origin of DNA replication. These four sites are organized into two sets of two sites with conserved spacing (sites 1+2 and 3+4). To investigate the number of recognition sites required for EBNA1 to bind and destablize nucleosomes, we generated DNA fragments containing two EBNA1 binding sites (sites 1 and 2) positioned either in the center or 40 bp from one end of the DNA fragment (Fig. 1B and C) . Nucleosomes were reconstituted from these end-labeled DNA fragments and chicken histone octamers, and the purified nucleosomes were tested for binding to EBNA . No binding of EBNA 452-641 was detected to the nucleosome containing the centered sites with up to 24 pmol of EBNA1 (data not shown). However, binding was detected to the nucleosomes when sites 1 and 2 were placed at the edge of the nucleosome, the same positioning as occurs in the DS DNA fragment. EBNA 452-641 bound to this nucleosome, producing a ternary complex that migrated to a position distinct from that of EBNA 452-641 bound to naked DNA (Fig. 7A, lanes 4-7) . To determine if the binding of EBNA 452-641 to the nucleosome containing sites 1 and 2 destabilizes the nucleosome, we challenged these complexes with an excess of non-specific competitor DNA. The addition of competitor DNA did not alter the migration of the ternary complex, even at competitor DNA concentrations >15-fold higher than that needed to visualize the disruption of the DS-nucleosome bound by EBNA (Fig. 7B, compare lanes 4 and 5) . The results indicate that EBNA1 can bind to nucleosomes containing two recognition sites if these sites are positioned near the edge of the nucleosome, but that binding to these two sites is insufficient for nucleosome destabilization. 
DISCUSSION
Latent EBV episomes are assembled into nucleosomes and therefore mechanisms must exist to facilitate access to important regulatory sequences, enabling the activation of DNA replication and transcription. EBNA1 plays an essential role in both latent EBV replication and transcription and we have begun to investigate its ability to interact with and alter chromatin. We have shown that EBNA1 retains the ability to bind its recognition sites within a nucleosome core particle containing the latent origin of replication, the DS element of oriP. This interaction results in the formation of a ternary complex in which the nucleosome is destabilized. Our observations suggest that, in vivo, EBNA1 would be able to access its recognition sites at the origin, even if the sites were assembled into a nucleosome, and could then facilitate the access of other proteins to origin sequences.
An EBNA1 fragment containing only the DNA binding and dimerization region (EBNA 459-607 ) was sufficient to bind and destabilize nucleosomes formed at the replication origin. This implies that it is the act of DNA binding that destabilizes the nucleosome. These results are consistent with those of GAL4 and Fos/Jun, where the DNA binding domains of these proteins were also found to be sufficient for nucleosome disruption (25, 28) . The DNA binding and dimerization region of EBNA1 comprises two domains, termed the core and flanking domains, both of which make sequence-specific DNA contacts that are important for the assembly of EBNA1 on naked DNA templates containing EBNA1 recognition sites (11) (12) (13) . The core domain can bind DNA independent of the flanking domain and, in the context of the complete DNA binding region, likely makes the first DNA contacts (13) . It is not yet clear whether the binding of EBNA1 to its recognition site in the context of a nucleosome involves one or both of these domains. The binding of EBNA 459-607 to a single recognition site causes DNA bending and localized regions of helical over-and under-winding (11) . The assembly of EBNA 459-607 on the adjacent closely-spaced sites from the DS element is predicted to be accompanied by additional structural changes in the DNA, including unwinding (11) . The nucleosome destabilization induced by EBNA1 suggests that EBNA1 binding alters the shape of or the histone-DNA contacts within the nucleosome core particle. These alterations may be due, at least in part, to the DNA structural changes caused by EBNA1.
The effect of EBNA1 binding on assembled nucleosomes was very similar to that observed for the yeast GAL4 transcriptional activator. Like EBNA1, GAL4 has been shown to form a ternary complex with nucleosome core particles containing multiple recognition sites and to destabilize the nucleosome (28) . For both proteins, nucleosome formation is associated with an~10-fold decrease in the ability of EBNA1 and GAL4 to bind to multiple recognition sites (45) . In GAL4, an order of filling of the sites in the nucleosomes has been observed, with the outer sites becoming bound before the inner sites (46) . Such a sequential order of filling was not obvious for EBNA1, rather all four sites became bound simultaneously. This simultaneous filling of the sites in the DS, which is also observed in naked DNA, indicates the cooperative assembly of EBNA1 because the recognition sites, when taken individually, have 10-fold different affinities for EBNA1 (i.e. EBNA1 has a 10-fold higher affinity for sites 1 and 4 than sites 2 and 3) (3, 6, 43, 47) . Effects of recognition site positioning within the nucleosome were observed however; DNA fragments containing two recognition sites were only bound when the sites were positioned at the edge, rather than the center of the nucleosome. Like EBNA1, GAL4 assembles on its recognition sites in nucleosome core particles in a cooperative manner (45) . For GAL4, this cooperativity requires the N-terminal histone tails (46) .
We have studied the interaction of EBNA1 with a nucleosome formed from the DS element of the latent origin of DNA replication, oriP. A previous study suggested that the DS element was unfavorable to nucleosome reconstitution, because half as many nucleosomes were observed to assemble on this element than on flanking DNA sequences when histone octamers were incubated with oriP DNA under high salt (1.5 M NaCl) conditions (48) . Using conditions that are more conducive to nucleosome assembly, however, we have found that a nucleosome with the expected stability to salt, DNA competitors and sucrose gradient sedimentation forms at the DS element. Therefore, we expect that nucleosomes could also form at the DS in vivo. There are several instances during EBV latent infection where the ability of EBNA1 to access its recognition sites within the DS-nucleosome would be important for the replication of the EBV genomes. First, this ability may be important during the establishment of the latent infection. During initial EBV infection, EBNA1 expression begins~20 h post-infection and reaches the level seen in EBV-infected lymphoblastoid cell lines only after 46 h (49). Thus the expression of EBNA1 likely occurs after the EBV genomes are assembled into chromatin. Secondly, in established EBV latency, it appears that resting B-cells that harbor EBV genomes but do not express EBNA1 can progress to proliferating cells that express EBNA1 (50) . When this occurs, EBNA1 must gain access to oriP in order for the EBV genomes to replicate and be maintained in the dividing cells. Thirdly, in replicating cells expressing EBNA1, EBNA1 may have to reassemble on oriP at each cell cycle. Although in vivo footprints of oriP have suggested that EBNA1 occupies its recognition site throughout most of the cell cycle (51, 52) , EBNA1 may dissociate from its sites during the replication process and have to compete with nucleosomes to reaccess the sites after replication is complete.
The four EBNA1 recognition sites of the DS element are organized into two sets of two sites (sites 1+2 and sites 3+4) where each set of sites (1+2 or 3+4) has been shown to have some capacity to initiate DNA replication in recombinant plasmids (43, 53) . The efficiency with which a two-site origin element functions appears to vary in different cell lines, but in the only B-cells examined (the natural host for EBV latent replication), replication efficiency was greatly increased by the presence of all four EBNA1 binding sites (53) . Our data indicate that increasing the number of EBNA1 binding sites from two to four profoundly affects the ability of EBNA1 to destabilize nucleosome core particles. EBNA1 can bind to nucleosome core particles containing two sites only if the sites are positioned near the edge of the nucleosome, and destabilization of the nucleosome was not observed. We suggest that the increased replication efficiency observed from origins containing four, as opposed to two, EBNA1 binding sites reflects, at least in part, the ability of EBNA1 to destabilize nucleosomes at these sequences. It is also possible that, in the context of the viral DNA (as opposed to the recombinant plasmids used in the replication assays), there may be an absolute requirement for four EBNA1 binding sites due to more efficient occupancy of DS by histone octamers. Indeed the importance of at least four recognition sites is suggested by the finding that the DS element in the closely related Herpesviruses Papio contains five recognition sites for its EBNA1-like origin binding protein (54) .
While EBNA1 is the only viral protein required for DNA replication from oriP, it is not sufficient for origin activation. This process relies heavily on the host cell replication proteins and results in one round of EBV DNA replication per cell cycle. The cellular factors and mechanisms involved in the assembly of the preinitiation complex on the DS element and the melting of the origin DNA are not yet clear, but it is likely that these processes require the interaction of one or more cellular proteins with the origin sequences. One of the contributions that EBNA1 makes to DNA replication may be to facilitate the access of these cellular proteins to origin sequences through the destabilization of nucleosomes at the origin. This EBNA1-facilitated access to origin sequences might involve the sliding of the histone octamer away from the origin or simply the loosening of the histone-DNA contacts within the nucleosome. Studies to determine where nucleosomes are positioned within the complete origin of replication and how EBNA1 binding affects their positioning will be necessary to assess these possibilities.
